Introduction Severe hypersensitivity reactions (HSRs) such as anaphylaxis are of great clinical concern because of their life-threatening potential. The adverse events attributable to intravenous iron products include HSRs. An investigation by the European Medicines Agency presented in late 2013 resulted in the implementation of risk minimization measures (RMMs). Objective This study evaluated the number of severe HSRs reported for intravenous iron substances related to exposure for the 4-year periods before and after this implementation. Methods This was a retrospective pharmacoepidemiologic study with a case-population design. We obtained information from the safety surveillance database EudraVigilance on spontaneously reported severe HSRs using the Medical Dictionary for Regulatory Activities preferred terms "anaphylactic reaction/shock" and "anaphylactoid reaction/shock". Exposure was estimated using IQVIA MIDAS sales data in European economic area countries. Results Reporting rates for individual products were heterogenous, and the implementation of RMMs appeared to have no clear impact. Reporting rates remained low for the full study period for iron sucrose (0.03-0.20) and ferric gluconate (0.02-0.14) and were higher at the beginning and lower at the end of the study period for ferric carboxymaltose (1.47-0.18). No clear trend was detected for iron dextran (range 0.22-2.80) and iron (III) isomaltoside 1000 (range 0-7.94). Conclusions Future research is needed to investigate whether the wide variability in reporting rates for severe HSRs associated with these intravenous iron products are due to potential differences in the safety profiles of these substances.
Introduction
Around 1.24 billion individuals worldwide are affected by iron deficiency anemia (IDA), ranking it the fourth-leading cause of disability [1] . Several reasons for IDA exist, including insufficient iron absorption, inadequate dietary iron, blood loss, or an increased physiological requirement for iron. Patients with chronic kidney disease, chronic heart failure, or inflammatory bowel disease are commonly diagnosed with IDA [2] , and IDA is also associated with other conditions, such as heavy menstruation, acute and chronic gastrointestinal infections affecting iron absorption, and cancer [3] .
Adequate supplementation of iron counteracts the adverse effects of iron deficiency. If oral iron replacement is inappropriate because of intolerance, impaired absorption, ongoing bleeding, or nonadherence, intravenous iron therapy is a common alternative treatment [4] . Intravenous iron increases hemoglobin, serum ferritin, and transferrin levels much faster than does oral iron. However, although administration of intravenous iron is generally well-tolerated-the newer iron preparations in particular are generally better tolerated and easier to use than the older preparations-iron infusions can cause hypersensitivity reactions (HSRs) [5, 6] , and severe anaphylactic reactions are of great clinical concern [7] . Anaphylaxis is the umbrella term for an acute reaction, defined as a severe, life-threatening generalized or systemic HSR. The diagnosis should be based on clinical symptoms independent of pathomechanisms involved and should distinguish between allergic anaphylaxis and non-immune
Key Points
This pharmacoepidemiological study used data from an established pharmacovigilance database and sales data to evaluate the rate of severe hypersensitivity reactions for intravenous iron products before and after the implementation of risk minimization measures.
The results suggest that the overall rate of reported events did not change, but major differences in the reported rates of severe hypersensitivity reactions for individual products were noted.
Future research is needed to elucidate whether the reported differences in the safety profiles of the intravenous iron substances are due to inherent differences in their safety profiles or to impacts of the implemented risk minimization measures.
• awareness of increased risk in patients with known allergies or immune or inflammatory conditions or with a history of severe asthma, eczema, or other atopic allergy, • only administered when staff trained to evaluate and manage anaphylactic and anaphylactoid reactions and resuscitation facilities are immediately available [11] .
These RMMs are aimed at healthcare professionals, specifically at increasing the understanding and awareness of the risk of severe HSRs and how to manage them. The implementation of RMMs was aligned by the market authorization holders in the respective European countries and in accordance with the timelines stipulated in the referral assessment report [12] . A direct healthcare professional communication was sent out within 30 days of the European Commission decision, and education material for prescribers and patients, highlighting the risks of and warnings about HSRs, was sent within 3 months.
In 2015, another study in the USA compared the risk of anaphylactic reactions for several intravenous iron products. The authors found that the risk was highest for iron dextran, followed in decreasing order by ferumoxytol, ferric gluconate, and iron sucrose [13] . This study did not include ferric carboxymaltose or iron (III) isomaltoside 1000 because they were not available in the US during the study period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Also in 2015, a report by the Netherlands Pharmacovigilance Centre Lareb stated that they had received several notifications of concern from multiple Dutch hospitals about an increase in the frequency and severity of allergic reactions to intravenous iron-containing medicines after a product switch from iron carboxymaltose to iron (III) isomaltoside 1000 [14] . A 2017 retrospective analysis of a patient cohort that included all patients receiving intravenous iron infusions in an outpatient gastroenterology setting found that the risk of HSRs was fourfold higher with iron (III) isomaltoside 1000 than with ferric carboxymaltose [15] . Similarly, a 2018 single-center cohort study from the Netherlands reported that the likelihood of an HSR was 3.4 times higher with iron isomaltoside 1000 than with ferric carboxymaltose [16] . In addition, reports of fatal anaphylactic reactions to iron (III) isomaltoside 1000 in a Spanish region in 2017 led to regulatory activities from the Spanish Agency of Medicines and Medical Products, including a recommendation that no new treatment with iron (III) isomaltoside 1000 be started [17] .
To further investigate potential differences in the reporting of severe HSRs, we recently conducted a pharmacoepidemiologic database study [18] using a case-population design to assess the number of anaphylactic/anaphylactoid reactions reported following administration of the two most commonly used high-dose intravenous iron products (ferric carboxymaltose and iron (III) isomaltoside 1000) in relation to exposure in European countries between 2014 and 2017 anaphylaxis (previously classified as anaphylactoid reaction) [8] . Anaphylactic reactions caused by intravenous iron have the potential to be life threatening and so are of special interest to the European health authorities. In 2011, findings were published on differences in HSRs and serious adverse events (AEs; anaphylaxis and other serious allergic AEs) for intravenous iron preparations based on reported rates of anaphylaxis and sales figures [9] . In 2011, a national review by the French National Agency for the Safety of Medicine and Health Products highlighted the risk of serious allergic reactions following administration of intravenous irons, triggering a referral under Article 31 of Directive 2001/83/EC by the European Medicines Agency (EMA) Committee for Medicinal Products for Human Use [5] . In 2013, the EMA referral concluded that the benefit/risk ratio for intravenous iron products on the European market was positive but made no distinction between the individual substance classes (iron sucrose, iron dextran, iron gluconate, ferric carboxymaltose, iron (III) isomaltoside 1000) [5] . As an outcome of the referral, the manufacturers of intravenous iron in the EU were required to conduct a joint post-authorization safety study to characterize hypersensitivity, and retrospective data analysis continues [5, 10] . The results of this study are expected in 2020 [10] .
To minimize anaphylactic/anaphylactoid reactions, risk minimization measures (RMMs) were implemented, including but not limited to the following:
• no administration during pregnancy unless clearly necessary and then only in the second or third trimester, • no use in patients with serious hypersensitivity to other parenteral iron products, (EU PAS Register Number EUPAS25192). The results suggested that iron (III) isomaltoside 1000 was associated with more reports of severe HSRs related to estimated exposure than was ferric(III) carboxymaltose 1000 [18] .
To evaluate the impact of RMMs on the overall and substance-specific reporting rates of severe HSRs associated with intravenous iron-containing substances with respect to overall exposure of each substance for the 4-year periods before (2010-2013) and after (2014-2017) implementation of these measures, this study was conducted with the same case-population design from 2010 to 2017 and included all intravenous iron-containing products in European economic area (EEA) countries. A further objective was to identify trends in the reporting rates of HSRs for each intravenous iron substance over the complete period (2010-2017).
Methods

Study Design
This was a retrospective pharmacoepidemiologic study with a case-population design [19] . The study was conducted for EEA countries for the study period 1 January 2010-31 December 2017. This period was chosen to specifically include the two 4-year periods before and after the conclusions of the EMA referral on intravenous iron-containing medicinal products were presented (September 2013) and actions were taken [5] .
Variables and Corresponding Data Sources
We obtained information on the number of spontaneous reports of severe HSRs in EEA countries from the established centralized European safety surveillance database EudraVigilance [20] . We chose this source for this retrospective analysis because it systematically collects all safety data reported by pharmaceutical companies and national competent authorities in EEA countries. HSRs are generally serious AEs, but their severity grades vary. To focus on the more severe reactions with substantial consequences, including fatality, we narrowed the search to severe reactions. For this and our previous study [18] , spontaneous reports of severe HSRs were identified using the Medical Dictionary for Regulatory Activities (MedDRA ® ) preferred terms "anaphylactic reaction, anaphylactic shock, anaphylactoid reaction, and anaphylactoid shock" associated with administration of iron sucrose, ferric carboxymaltose, ferric gluconate, ferumoxytol, iron dextran, or iron (III) isomaltoside 1000. Reports cannot be attributed to individual countries but were obtained for the EEA as a whole.
We estimated exposure to intravenous iron substances using sales data for these products in EEA countries collected via the IQVIA MIDAS platform. For most countries, sales are captured for both hospital and retail settings. IQVIA MIDAS sales data coverage varies by country and setting but is high for most countries, ranging from 75 to 100% for 80% of the countries of interest and to > 95% for more than 60% of countries. For countries where coverage was not 100%, figures were projected to the country level because coverage was large enough to allow extrapolation to the entire country, even for those with coverage < 50%. For our analysis, we assumed that sales data accurately reflected the use of and exposure to each substance (i.e., inventory levels do not vary across the 8-year period as hospital stocks are usually kept low for economic reasons). Several studies each year validate the quality and accuracy of the sales data, and a global precision index was published with a value of 94.3% in 2017 [21] . Sales data were available for 27 EEA countries (Austria, Belgium, Bulgaria, Croatia, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, The Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the UK). Sales were normalized to 100-mg dose equivalents (DEq; 100 mg DEq of iron = one defined daily dose [DDD]) of iron. This is in accordance with a previously published method of standardization [22] .
Analysis
The statistical analysis was conducted descriptively. Reports on anaphylactic reactions, anaphylactic shock, anaphylactoid reactions, and anaphylactoid shock were summed and presented under the term "severe HSRs".
Overall reporting rates were determined by dividing the number of reports of severe HSRs by the corresponding sales volume of 100 mg DEq of iron for each class of intravenous iron in all 27 countries (see Sect. 2.2). This was also performed for the total class of intravenous iron. Given the impossibility of determining the exact dose administered to each patient, we applied the same approach as Bailie et al. [9, 22] , who arbitrarily attributed the same average dose to all groups of patients. Doses were standardized to 100 mg DEq of iron [9, 22] . Reporting rates were calculated for each substance, for total class by year, and per period. A twosided 95% confidence interval (CI) assuming normal distribution was considered as a default (α = 5%). 95% CI for reporting rate (95%) = p ± z × √̂p
n ; where p = sample proportion, n = sample size, and z = 1.96.
We conducted a sensitivity analysis including only sales data from countries with at least three reports for any reaction to account for countries in the EEA with a high rate of underreporting.
Results
Reported Number of Severe Hypersensitivity Reactions (HSRs) in EudraVigilance
From 2010 to 2017, a total of 55 and 144 events were reported for iron sucrose and ferric carboxymaltose, respectively, in the EEA. In the same period and region, 37 events were reported for ferric gluconate, one event was reported for ferumoxytol, 77 for iron dextran, and 177 events for iron (III) isomaltoside 1000 (Table 1) . Two cases of anaphylactic/anaphylactoid reaction resulting in death were reported for ferric carboxymaltose, two for iron dextran, one for iron (III) isomaltoside 1000, and none for iron sucrose, ferric gluconate, and ferumoxytol.
From 2010 to 2017, the number of events per year remained in the same range for iron sucrose (2-11), ferric carboxymaltose (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , ferric gluconate (1) (2) (3) (4) (5) (6) (7) (8) , and ferumoxytol (0-1). Only one report was submitted for ferumoxytol in 2015. Reported events for iron dextran were higher in 2010 and 2011 (21) (22) then decreased to 1-11 events per year in the period 2012-2017. For iron (III) isomaltoside 1000, numbers were lower in the first 3 years (0-8 events from 2010 to 2012 vs. 24-46 events from 2013 to 2017). As sales were very low for ferumoxytol, results for this substance are not depicted in further tables and figures.
Exposure to Intravenous Irons Based on Sales Data
In the EEA, the annual total exposure to iron sucrose and iron sucrose similars was stable across the years, ranging from 5.4 to 5.9 million DDDs. Annual total exposure to ferric carboxymaltose steadily increased from 0.8 million DDDs in 2010 to approximately 10.6 million in 2017. Exposure to ferric gluconate during this period ranged from 6.8 to 4.9 million DDDs between 2010 and 2017, respectively.
Exposure to ferumoxytol was very low, ranging from < 0.01 in 2012 to 0.01 in 2014. Ferumoxytol was launched in the EEA in 2012 but was taken off the market in 2015. Exposure to iron dextran, as to iron sucrose, was also stable, ranging from 0.5 to 0.8 million DDDs in the same time period. Exposure to iron (III) isomaltoside 1000 increased from < 0.01 to 1.4 million DDDs for the same period (Fig. 1 ).
Characteristics of Patients with Reported Severe HSRs
In EudraVigilance, data on age group and sex were available for most patients with a reported severe HSR: The vast majority of patients with reported severe HSRs in EudraVigilance were aged 18-64 years (ferric carboxymaltose, 78.8%; ferric gluconate, 76.7%; iron (III) isomaltoside 1000, 71.5%). Only half of the reported severe HSRs occurred in patients in this age group for iron sucrose (48.9%) and iron dextran (55.9%).
More than half of the reports (N = 292 [59.5%]) included information on dosing. Of these, median ± standard deviation (SD) doses were 300 ± 306 mg for patients receiving iron sucrose, 1000 ± 347 mg for the 97 patients receiving ferric carboxymaltose, 63 ± 75 mg for those receiving ferric gluconate, 100 ± 517 mg for iron dextran, and 1000 ± 389 mg of iron (III) isomaltoside 1000. Total  55  144  37  1  77  177  2010  8  12  8  0  21  0  2011  2  17  4  0  22  1  2012  6  14  3  0  7  8  2013  11  25  1  0  11  31  2014  7  15  7  0  8  24  2015  8  18  4  1  1  41  2016  8  24  3  0  2  26  2017  5  19  7  0  5  46 Between 2010 and 2017, reporting rates varied from 0.03 (95% CI − 0.01 to 0.08) to 0.20 (95% CI 0.08-0.31) for iron sucrose, from 0.18 (95% CI 0.10-0. Table 2 ). Ferumoxytol was excluded from the analysis because it was only on the market from 2012 to 2015. To account for EEA countries with a high rate of underreporting to EudraVigilance, we considered only exposure data from countries that reported more than three adverse reactions (any adverse reaction, not limited to HSRs or related to ironcontaining products) to EudraVigilance in the denominator for the sensitivity analysis. The results of this sensitivity analysis supported those from the primary analysis (data not shown). Table 2 lists the overall and substance-specific reporting rates for the two 4-year periods before and after implantation of the RMMs.
Discussion
We evaluated the impact of RMMs on the overall and substance-specific reporting rates for HSRs associated with intravenous iron substances with respect to overall exposure of each. Furthermore, our findings describe reporting rate trends between 2010 and 2017 for intravenous iron products for all EEA countries. This study is a follow-up to our recently published real-world database study [18] , extending the list of substances to all intravenous irons and including the years before and after the referral in 2013. So far, no comparative safety study on severe HSRs associated with all of these intravenous irons has been published; thus, these real-world data, from an established source of information on the safety profile of drugs in clinical practice, provide valuable insights. As in our previous study, most severe HSRs were reported for female patients. This reflects the higher usage of intravenous iron in females, with pregnancy and menstruation leading to a higher prevalence of anemia in women than in men [23] .
Overall, we observed that reporting rates for the intravenous iron products were heterogenous. For iron sucrose and ferric gluconate, the reporting rates remained at a similar level from 2010 to 2017, confirming previous reports on the established safety profile for these drugs [9, 13] . For ferric carboxymaltose and iron dextran, the reporting rates were higher at the beginning and lower at the end of this period, whereas the reporting rate for iron (III) isomaltoside 1000 was higher in the middle than at the beginning and lower again at the end of the period. This might indicate that the RMMs had a higher impact for ferric carboxymaltose and iron dextran than for the other products.
An investigation of time trends indicated that the reporting of adverse drug reactions is expected to be higher directly after launch than when products are well-established on the market or may be influenced by and expected to be higher directly after a public discussion on safety concerns [24] . However, capturing the period before (2010-2013) and after the referral (2014-2017), the reporting rate was similar for iron sucrose and iron gluconate/ferric gluconate in both periods, whereas the reporting rate for ferric carboxymaltose, iron (III) isomaltoside 1000, and iron dextran was lower in the post-referral period than in the pre-referral period.
When looking at the numbers before and after referral in isolation, it seems the implemented RMMs did in fact have an impact on reporting. However, investigation of data from individual years shows that this is a time-dependent effect over the full period, with wide variability and no striking difference between the periods before and after RMM implementation attributable to the referral or the RMMs. Initially, this might seem surprising, but a closer look at the RMMs reveals reasons for this: most measures were aimed at safety procedures after HSRs occur, e.g., intravenous iron should only be administered when resuscitation facilities and staff trained to evaluate and manage anaphylactic and anaphylactoid reactions are immediately available. Other RMMs aimed at preventing HSRs might already have been followed before the implementation of RMMs, e.g., no administration of intravenous irons during pregnancy, no use in patients with serious hypersensitivity to other parenteral iron products, and awareness of increased risk in patients with known risk factors, such as allergies, immune or inflammatory conditions, or history of severe asthma, eczema, or other atopic allergy.
In addition to the expected increase in reporting following a public discussion of safety concerns, reporting of suspected adverse drug reactions may be higher directly after launch than when products are well-established on the market (so-called Weber effect). Since both established and products newly launched in several countries were included in the analysis, an impact on the reporting rate cannot be ruled out. Ferric carboxymaltose and iron (III) isomaltoside 1000 were launched only a short time before the study period of 2010-2017 (ferric carboxymaltose in June 2007 and iron (III) isomaltoside 1000 in December 2009; see Table S1 in the Electronic Supplementary Material [ESM] ), so the Weber effect is likely for these two substances, especially for the pre-referral period before 2014. Conversely, iron sucrose, iron dextran, and iron gluconate/ferric gluconate have been on the European market for longer (iron sucrose since 1949, ferric gluconate since the 1960s, low-molecular-weight iron dextran since 2000). Ferumoxytol was on the market for only a limited time overall, making a comparison infeasible. Furthermore, reporting levels for suspected severe HSRs may also vary in different healthcare systems. However, there is a notable difference between the intravenous iron compounds, with iron sucrose and ferric gluconate showing the lowest rates and iron isomaltoside the highest, both before and after the RMMs. Furthermore, the magnitude of difference in the frequency of reported severe HSRs adds validity to our results. Another major difference between the intravenous iron products included in this analysis is the carbohydrate shell, which leads to different physico-chemical properties and could explain the difference in severe HSR reporting rates (see Table S1 in the ESM).
As in our previous study [18] , the results of this pharmacoepidemiological study analyzing spontaneous reports have known limitations, such as the use of different preferred MedDRA ® terms for AEs, changes in AE coding over time, inconsistent descriptions of AEs by clinicians, no confirmation of event term or causal relationship for AEs reported by patients, and different reports in national and international surveillance databases. As these general issues apply for all substances, we believe that the impact on a comparison of substances is likely minor. Furthermore, underreporting of AEs to spontaneous reporting systems is well-known [25] . However, our analysis focused on severe events where underreporting is less likely, as practitioners continue to report serious adverse drug reactions after the initial years of marketing [24] . It is also worth noting that recent research has challenged the existence of a Weber effect, originally described in 1984 [26, 27] .
With respect to the estimated exposure based on sales data, the following considerations should also be addressed. The MIDAS database does not capture all sales data, such as direct sales to clinics and private offices within each country. In some countries, not all distribution channels (hospital/ retail) are captured in the MIDAS database. For example, hospital data are not available for Estonia, Greece, and Latvia. Furthermore, availability of the substances varies across countries, which might affect the respective reporting rates.
Reporting rates should be compared between different iron-containing products with caution because the true average dose (especially for high-dose products) might be substantially higher, by the same factor it differs from the common DDD definition (1 DDD = 100 mg). In addition, the underlying treated population for each substance might differ by important potential confounders, such as indicated disease, comorbidities, and age. Although no direct effect of these characteristics on the outcome of severe HSRs is described in the literature, it might impact the number of AEs reported by healthcare providers. Nevertheless, these results align with those in previous publications on the safety profile of iron sucrose [9, 13] , which provides some reassurance. An interrupted time series (ITS) analyzing the reporting rates before and after RMM implementation would have strengthened our results, and we assessed the feasibility of conducting an ITS (for the entirety of products and for each substance separately) using the current datasets. The small number of time points (four before and four after RMM implementation) and the wide variability in both the period before and the period after RMM implementation meant that the statistical model did not converge in any ITS analysis for any of the substances. A statistical test simply comparing pre-and post-implementation rates (with the mean rate of the four time points considered for each period) is considered inappropriate because it does not account for possible trends over time.
Reporting of AEs does not necessarily reflect the occurrence of events in clinical practice, so these results preclude any conclusions about the absolute and relative risk for severe HSRs associated with the intravenous irons presented. Although AE reporting can be used to estimate the relative rates of events with individual products, head-to-head data remain the gold standard because they capture exposure and outcome in a standardized manner and circumvent the effects of differential prescribing and reporting.
It is also important to consider that the results provide a description of reporting rates for intravenous iron-containing products before and after the referral but are not suitable to assess the effectiveness of the actual RMMs that were introduced after the referral in EEA countries.
Conclusion
No clear change in the reporting rates of severe HSRs (i.e., anaphylactic/anaphylactoid reactions) was associated with intravenous iron-containing products for EEA countries following the implementation of RMMs in 2013. Future research is needed to further elucidate whether the reported differences in the safety profiles of the intravenous iron substances are due to inherent differences in their safety profiles or to different impacts of the RMMs.
